The content of anthrasesamone C (5), a rare chlorinecontaining anthraquinone, in a hairy root culture of Sesamum indicum increased with increasing chloride ion concentration in the culture medium and reached a maximum at 100 mM. However, the amount of anthrasesamone C (5) in the extract obtained from the hairy roots was increased by incubating the extract. This result suggests that anthrasesamone C (5) was produced from an unidentified metabolite by an abiotic process. 2,3-Epoxyanthrasesamone B (1), a precursor for the non-enzymatic formation of anthrasesamone C (5), was isolated from S. indicum hairy roots cultured in a chloride-deficient medium. Its structure was elucidated to be 2,3-epoxy-9,10-dihydroxy-2-(4-methylpent-3-en-1-yl)-2,3-dihydroanthracene-1,4-dione by spectroscopic methods.
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The number of naturally occurring organohalogen compounds, most of which contain covalently bound chlorine and/or bromine atoms, has grown to more than 3,800 and still continues to increase. These natural organohalogens are produced by marine and terrestrial organisms, including bacteria, fungi, algae, plants, insects, animals and others, and by such abiotic processes as biomass burning, volcanic activity and other geothermal actions. A large number of new halogenated compounds have been discovered in the past few decades from marine plants, bacteria and animals living in the sea. Natural organohalogen compounds in terrestrial plants are relatively rare in comparison with the other living organisms, and only limited information on their formation in terrestrial plants, particularly on the mechanism and precursors for halogenation, is available. [1] [2] [3] [4] Sesamum indicum L. (Pedaliaceae) is one of the most important crops throughout the world, and its seeds have long been utilized as an edible oilseed and food material. 5) We have previously reported the isolation of a chlorine-containing anthraquinone, anthrasesamone C (5), and its structurally related compounds, 2-(4-methylpent-3-en-1-yl)anthraquinone (MPAQ, 2) and anthrasesamones A (3), B (4), D (6) and E (7), from the roots of S. indicum. 6, 7) It has recently been found that the extract of black sesame seeds, an edible and utilized portion of the sesame plant, contained trace amounts of anthrasesamone C (5) and its dechlorinated derivative, anthrasesamone B (4), together with the novel anthraquinone derivative, anthrasesamone F (8). 8) The production of anthrasesamone C (5) from anthrasesamone B (4) by chlorination was deduced from their chemical structures, although detailed investigations have not so far been made. 6, 9) Plant tissue cultures are useful for producing various plant secondary metabolites and for studying the biosynthesis of these metabolites. Babiker et al. 10) have previously reported that the production of a chlorinated alkaloid, acutumine, and its dechloro derivative, dechloroacutumine, by a Menispermum dauricum root culture was affected by the chloride ion concentration in the culture medium. Anthrasesamones B (4) and C (5) have also been isolated from the hairy root culture of S. indicum, although their respective isolation yields were very low (0.75 and 0.25 mg/L of medium). 9) It is therefore important to examine the culture conditions for anthraquinone production in order to investigate the production route to anthrasesamone C (5) and identify the precursors for chlorination. We report in this paper the effects of chloride ion concentration in the culture medium on the growth of S. indicum hairy roots and on the contents of chlorinated anthraquinone y To whom correspondence should be addressed. Fax: +81-87-891-3021; E-mail: furumoto@ag.kagawa-u.ac.jp anthrasesamone C (5) and dechlorinated derivative anthrasesamone B (4) in the hairy root culture. We also describe the isolation and structural elucidation of a precursor (1) for the formation of anthrasesamone C (5) by abiotic chlorination.
Materials and Methods
General experimental procedures. NMR spectra were recorded with a Jeol JNM-A400 FT NMR spectrometer in CDCl 3 at 400 MHz for 1 H and 100.4 MHz for 13 C. All NMR chemical shifts were referenced to CDCl 3 ( H 7.24, C 77.0). Mass spectra were obtained with a Jeol JMS-SX102AQQ hybrid mass spectrometer. The UV-vis spectrum was measured with a Shimadzu UV-1600 UV-visible spectrophotometer, and IR spectrum with a Jasco FT/IR-670 Plus spectrometer. Optical rotation was determined with a Jasco P-1010 polarimeter. Silica gel 60 (70-230 mesh, Nacalai Tesque) and Sephadex LH-20 (GE Healthcare Bio-Sciences) were used for column chromatography.
Plant material. Hairy roots of Sesamum indicum L. were induced by directly infecting axenic seedlings with Agrobacterium rhizogenes ATCC 15834.
11) The established hairy root clone (SI-16) was subcultured in the dark in a phytohormone-free Gamborg B5 basal medium 12) containing 2% sucrose (pH 6.1) at 25 C on a rotary shaker at 80 rpm at intervals of 14 d.
Culture method. In order to prepare a chloride-deficient B5
12) The hairy roots (ca. 0.3 g fr. wt.) were cultured in a 100-mL conical flask containing 50 mL of the chloride-deficient B5 medium that had been supplemented with NaCl (0-300 mM final concentrations) to adjust the chloride ion concentration. After 28 d of culture, the hairy roots and secreted anthraquinone derivatives were separated from the medium by being passed through No. 2 filter paper (Advantec). The harvested hairy roots were freeze-dried and weighed to estimate the growth of hairy roots prior to the extraction.
Extraction and quantitative analysis of anthrasesamones B (4) and C (5). The freeze-dried hairy roots and filter paper were sonicated for 30 min in MeOH (20 mL) at room temperature in the dark. The MeOH extract obtained was immediately analyzed by reversed-phase HPLC without any additional treatment under the following HPLC conditions: column, COSMOSIL 5C 18 -MS, 4:6 Â 150 mm (Nacalai Tesque); mobile phase, MeOH-H 2 O-AcOH (95:5:0.5); flow rate, 0.6 mL/min; detection, 485 nm. A column pre-filter (1 mm) was placed between the sample injector and the analytical column. Anthrasesamones B (4) and C (5) were respectively eluted at t R 15.7 and 21.7 min. A portion of the supernatant of the MeOH extract was then incubated at 50
C for 24 h in the dark and reanalyzed by HPLC.
Isolation of a precursor (1) for anthrasesamone C (5) production. The hairy roots were grown for 28 d while shaking (80 rpm) at 25 C in a 100-mL conical flask containing 50 mL of the chloride-deficient B5 medium. The hairy roots and secreted metabolites were separated from the medium (50 mL Â 10) by filtration and then freeze-dried. The lyophilized hairy roots (3.7 g) and filter paper were sonicated for 30 min in MeOH (100 mL). This extraction procedure was conducted four times, the combined MeOH solution being evaporated to dryness. The MeOH extract was fractionated with guidance by the anthrasesamone C (5) production. A portion of each fraction obtained after separation was dissolved in MeOH containing 5 mM NaCl. The reaction mixture was incubated at 50 C for 24 h in the dark, and its products were detected before and after incubation by the method used in the quantitative analysis experiment. The MeOH extract (1.3 g) was partitioned between CH 2 Cl 2 (100 mL Â 4) and H 2 O (100 mL) to give a CH 2 Cl 2 -soluble fraction (0.56 g). This fraction was subjected to silica gel column chromatography, using stepwise elution with acetonehexane containing 0.1% AcOH. The fractions (43 mg) eluted with 5% and 10% acetone in hexane were purified by Sephadex LH-20 column chromatography, eluting with MeOH-CH 2 Cl 2 (1:1). The fractions (29 mg) containing the precursor of anthrasesamone C (5) were further purified by preparative HPLC (COSMOSIL 5C 18 -AR-II, 10 Â 250 
Results and Discussion
Effects of chloride ions on S. indicum hairy root growth and on the contents of anthrasesamones B (4) and C (5) There 12) Among these, calcium chloride, which is a major component for the chloride ions provided by the B5 basal medium and comprises 97% of chloride ions in the B5 medium, was replaced by calcium nitrate to prepare a chloridedeficient medium. In order to find a suitable source for adjusting the concentration of chloride ions in the medium, the effect on the growth of S. indicum hairy roots by sodium, potassium and calcium chlorides was preliminarily tested. The growth was little affected by these chlorides at concentrations of 1 and 10 mM Cl À . Potassium chloride at 100 mM Cl À strongly inhibited the hairy root growth to 19% of that cultured in the chloridedeficient medium. Both sodium and calcium chlorides at 100 mM Cl À also suppressed the growth (to 76% and 72%, respectively), although the influence was appreciably less than that by potassium chloride. Sodium chloride was therefore selected as the source of chloride ions for further experiments.
The effects of chloride ions on the growth of S. indicum hairy roots and on the contents of anthrasesamones B (4) and C (5) are shown in Table 1 . The growth of hairy roots cultured in the 1-30 mM chloridesupplemented media was similar to that cultured in the chloride-deficient medium. Growth inhibition was, however, observed when the chloride ion concentration exceeded 100 mM, and a concentration of 300 mM completely depressed the root growth. The content of anthrasesamone C (5) progressively increased with increasing chloride ion concentration and reached a maximum at 100 mM (55 mg/flask). A further increase of chloride ions to 300 mM reduced the content of anthrasesamone C (5), as well as the root growth, although its content was much greater than that at 0-30 mM. In contrast, the content of anthrasesamone B (4) did not change up to a concentration of 30 mM. The anthrasesamone B (4) content was greatest at 100 mM and considerably lower at 300 mM. This result demonstrates that the addition of sodium chloride at 100 mM in the culture medium gave sufficient hairy root growth and increased the amounts of anthrasesamones B (4) and C (5). A similar trend was also apparent with calcium chloride as an alternative source of chloride ions (data not shown).
Identification of a precursor (1) for the production of anthrasesamone C (5)
In the experiment just described, the methanol extracts from the hairy roots were immediately analyzed by HPLC without any additional treatment, on the assumption that many quinone derivatives are unstable under such conditions as heating, oxygen, dilution and light. 13) Contrary to our assumption, however, a gradual increase of the anthrasesamone C (5) amount in the extracts was observed when the extracts were allowed to stand at room temperature. We therefore measured the content of anthrasesamone C (5) again after incubating the methanol extracts at 50 C for 24 h. The amount of anthrasesamone C (5) in all the extracts, except for the case of 300 mM, was increased over 40 times that before the incubation by this treatment and reached a maximum at 100 mM (2,200 mg/flask, Table 1 ). This suggests that a certain metabolite in the methanol extract was converted to anthrasesamone C (5) by a chemical reaction, but not by an enzymatic reaction. We attempted to identify the substrate for abiotic formation of anthrasesamone C (5) in order to investigate this possibility. The hairy roots were grown in the chloride-deficient B5 medium for 28 d, and the metabolites were then extracted with methanol from the freeze-dried hairy roots. Fractionation was carried out with guidance by the production of anthrasesamone C (5) after incubating the separated fractions in a methanol solution containing sodium chloride. This fractionation resulted in the isolation of a single compound (1) as the substrate for anthrasesamone C (5) production. Incubation of 1 in chloride-containing methanol enable the isolated substrate (1) to be mainly converted to two products; these were confirmed to be anthrasesamones C (5) and D (6) by comparing their 1 H-NMR spectra with those previously reported, 6, 7) as well as by their chromatographic behavior from an HPLC analysis. However, anthrasesamone B (4) was not converted to anthrasesamone C (5) under the condition used in this experiment, confirming the isolated substrate (1) to be a precursor for the abiotic formation of anthrasesamone C (5). Identification of the substance responsible for the increased amount of 4 is under investigation.
The structure of compound 1 was determined on the basis of spectroscopic evidence. The EIMS data for compound 1 showed no isotopic ion peaks arising from the chlorine atom, indicative that this precursor (1) was not a chlorine-containing compound such as a chlorohydrin and that the chloride ions originating from the culture medium had been introduced to 1 by abiotic chlorination. The HR-EIMS and 13 C-NMR spectral data ( Table 2) for compound 1 showed its molecular formula to be C 20 H 18 O 5 (12 unsaturations), corresponding to one oxygen adduct of anthrasesamone B (4). A 4-methylpent-3-enyl side-chain in compound 1 was deduced from the 1 H-NMR data (Table 2) and confirmed by 1 H-1 H COSY and HMBC experiments. The 13 C-NMR spectral data ( Table 2) for compound 1, as well as its IR absorption at 1641 cm À1 , revealed the presence of two carbonyl groups and twelve olefinic carbons, indicating 1 to comprise four rings. Furthermore, an oxygen-bearing methine signal at H 3.83 and two oxygen-bearing carbon signals at C 61.1 Table 2 ). We assumed from these results that compound 1 was a 2,3-epoxy analogue of anthrasesamone B (4). The results of the HMBC experiment showed two aromatic H-5 and H-8 signals respectively correlated with the C-10 ( C 157.3) and C-9 ( C 157.9) signals, and the H-3 signal correlated with the C-4 ( C 194.5) signal. These results strongly suggested compound 1 to be a 2,3-epoxidized 9,10-dihydroxy-1,4-anthraquinone, and not a 1,4-dihydroxy-9,10-anthraquinone isomer. All 1 H-and 13 C-NMR signals were unambiguously assigned on the basis of DEPT, DIFNOE, 1 H-1 H COSY, HMQC and HMBC data as shown in Table 2 . The planar structure of precursor 1 for abiotic anthrasesamone C (5) formation was consequently established to be 2,3-epoxy-9,10-dihydroxy-2-(4-methylpent-3-en-1-yl)-2,3-dihydroanthracene-1,4-dione and was named 2,3-epoxyanthrasesamone B. The stereochemistry of 2,3-epoxyanthrasesamone B (1) has yet to be resolved.
Our present study has demonstrated that the chlorinated anthraquinone, anthrasesamone C (5), could be artificially produced from the novel epoxide, 2,3-epoxyanthrasesamone B (1), and that this abiotic chlorination would take place during the culture and/ or extraction processes. Nabeta et al. 14, 15) have reported similar non-enzymatic chlorination of the epoxy compound, epoxydon [5,6-epoxy-4-hydroxy-2-(hydroxymethyl)cyclohex-2-en-1-one], using a culture medium containing chloride ions. Epoxydon is biosynthesized from the hydroquinone, gentisyl alcohol [2-(hydroxymethyl)benzene-1,4-diol], by a fungus of Phyllosticta sp. The nucleophilic addition of chloride ions to epoxydon leads to the formation of a chlorohydrin that is then dehydrated and spontaneously aromatized to the chlorinated compound, chlorogentisyl alcohol. We propose the biosynthetic and abiotic pathways to anthrasesamone C (5) to be those shown in Fig. 2 The solid and dashed arrows respectively represent biosynthetic and abiotic processes.
